We propose a new pattern-matching algorithm for matching CCD images to a stellar catalogue based statistical method in this paper. The method of constructing star pairs can greatly reduce the computational complexity compared with triangle method. We use a subsample of the brightest objects from the image and reference catalogue, and find a coordinate transformation between the image and reference catalogue based on the statistical information of star pairs. Then all the objects are matched based on the initial plate solution. The matching process can be accomplished in several milliseconds for the observed images taken by Yunnan observatory 1-m telescope .
astronomical observations. Matching images to a stellar catalogue is a necessary prerequisite for determining the astrometric plate solution. Groth (1986) had introduced the technique of looking for similar triangles in two catalogues which 8 used the property of affine invariant under translation, rotation, magnification and inversion between two triangles. Valdes et al. (1995) used the ratio of sides as the invariant under the coordinate transformation to define its location in triangle space and accelerated the search process by pre-sorting the triangles. space, so the scale of the image is approximately known. Like the optimistic pattern matching described by Tabur (2007) , our high-speed matching process is accomplished under a slight loss of generality.
In section 2, we give an overview of the matching method based on the 32 statistical result of star pairs. In section 3, we analyze the performance of the method. We give our conclusions in section 4.
Method

Construction of Star Pairs
36
The first step of matching a image to a catalogue is to construct a list of sources ordered by gray values from the stellar detection and centring routine.
The flat and bias corrections of the images are done before stellar detection and centring. We don't take all of the stars in the list to construct the star pairs.We only select the brightest m stars from the image source list, denoted as I . Similarly, we sort the stars from the catalogue by magnitude and extract the n brightest stars, denoted as R. For m stars, m(m − 1)/2 different star pairs could be obtained by means of permutations and combinations. The equatorial coordinates of catalogue's stars should be converted to the tangent plane coordinates by the equation of 1 (Green & Green, 1985) .
where α and δ are the equatorial coordinates of catalogue's stars, α 0 and δ 0 are the coordinates of tangent plane's center point, ξ and η are the ideal coordinates in the tangent plane.
Searching for similar stars of the two lists
40
The focal length of the telescope denoted as F , and the pixel size of CCD detector denoted as ℘. The scaling relations between the ideal coordinates of tangent plane and the measured coordinate of the image can be shown as:
If the telescope adopt the binning mode, the pixel size should be changed accordingly. The distance of star pair from the I list can be expressed as:
And the distance of star pair from the R list can be expressed as:
Then find the star pairs from the two lists that satisfy the following criteria:
where δF is the uncertainty of the telescope's focal length. In practice we should increase the threshold appropriately. Because it's hard to obtain the accurate uncertainty of the focal length in real time, and the scaling relations ρ contains centring errors, the tangent plane's center point error and so on. Each I ij might 44 correspond to many R ij .
Find the rotation angle between the image and catalogue
For each eligible star pair, we calculate the angle θ, defined in the figure 1 : for the most frequent of angle bins equals to find the mode of statistical result of δθ, this value is denoted as an initial value of rotation angle δθ 1 . This angle is a estimated value. In order to obtain more precise angel, we need to find the subset of rotation angles δθ that are less then 1
• away from the initial angle
The angels larger than 3 times standard deviations from the mean were excluded.
Notice that the final mean angle of subset, denoted as δθ 2 , is more accurate than 52 δθ 1 . but δθ 2 is not the most precise rotation angle of the affine transformation.
Determine the rough astrometric plate solution
The affine transformation between the measured coordinates of image and ideal coordinates of tangent plane in celestial sphere could be roughly expressed by a four-constant model as follows:
where ρ is the scale relations between two coordinate systems, and φ is the rotation angle. In this case, the δθ 2 is the adopted value of the rotation angle The repeated operation are used to avoid some false matches caused by the imprecise initial plate solution in the last step of subsection 2.4. We can use the 68 residual of the least square to judge whether the image is successfully matched.
Stars larger than 3 residual are considered to be mismatches.
Experimental
Several images are used to verify the reliability and speed of the method.
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The images are taken by the 1m telescope of Yunnan observatory. More details about the telescope and the CCD detector are given in Table 1 . All of the images are taken by the 2 * 2 binning acquisition mode.
The images are divided into two categories. One type of images contains 76 asteroid and another contains M23 cluster. Reference stars are selected from the section of catalogue brighter than 18 magnitude of Gaia DR2 (Lindegren et al., 2018) . A difficult and exhaustive matching process is to search the right matching star in a dense star field. Figure 5 shows the positions of the stars in the image 100 of cluster M23. The image contains 135 stars, and the Gaia DR2 catalogue brighter than 18 magnitude around the center of M23 contains 33520 stars. 
Time consumption analysis
The whole matching process can be divided into 3 steps. The first step is to The combination of m = 5 and n = 30 can match the most images correctly.
For the non-optimal condition of partly-overlapping caused by the pointing errors or some non-stellar targets, the combination of m = 10 and n = 50 is used. and this combination can provide both high reliability and good 116 performance (Tabur, 2007) . The first two steps can be completed in 3ms.
The third step is to derive the exact plate solution and match all the stars from the image to catalogue. If there are M stars in the image and N star in the catalogue, the process of finding the nearest neighbour from the catalogue of 1975).
Conclusion
This paper has outlined a efficient algorithm for matching images to a cat-124 alogue. For the most images, the star matching process can be completed in several millisecond. This method works at a slight loss of generality. We need to know the approximate focal length in advance, and attempt to match the field iteratively. It could be a viable solution when the focal length unknowns.
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Fortunately, the focal length of telescope and the pixel size of CCD detector are known in most cases, and the change is very little. We can magnify the uncertainty of focal length to mend this matters. This method can deal with the geometric properties about translation, rotation, local distortion and ex-
